Aerostatic spindle systems have been widely used in many machine tools due to their low heat generation and high-speed capability. To meet industrial demands for higher accuracy and higher productivity, such spindle systems have recently become important as the kernel component in an ultraprecision machine tool. In this study, therefore, thermal deformation control for aerostatic spindle systems has been proposed considering heat balance in an objective spindle bearing system. In the proposed method, the temperature of supply air is controlled by monitoring that of exhaust air to minimize the thermal deformation of the spindle. The performance of the thermal deformation control system developed has been evaluated through a series of actual experiments.
Minimizing Thermal Deformation of Aerostatic Spindle System
by Temperature Control of Supply Air
Introduction
The number of industrial requirements for ultraprecision machining, such as an aspheric lens mold and an optical element, has recently increased. Thus, with such an increase, machine tools providing both high precision machining capability and high productivity are required. In particular, the spindle system is the most important component in machine tool structures and its performance dominates machining accuracy and productivity. An aerostatic spindle system is considered to be the most available owing to its low thermal deformation and high speed rotation, and is widely used in current precision machine tools. However, heat generation in bearing clearance due to the shear of air is proportional to the square of rotational speed. Minimization of the thermal deformation of the spindle is, therefore, the most important subject to solve for the development of ultraprecision machine tools.
Internal heat sources in a machine tool cause tem-perature distribution in structures and then the resulting heat flow causes the thermal deformation of each component. These complex thermal behaviors are predominant factors for determining the performance of machine tools. Many studies on the thermal deformation of machine tools have been reported thus far. The thermal deformation of the overall machine tool structure has been analyzed using a matrix operation (1) , (2) , a neural network (3) and a transfer function (4) . To minimize the thermal deformation of spindle systems, various kinds of cooling methods such as core cooling (5) and the use of a dual cooling jacket (6) , (7) have been proposed, and applied to actual machine tool spindles. Some analyses of aerostatic spindle systems have been carried out such as the identification of heat sources (8) , (9) and the estimation of thermal deformation (10) . However, heat sources in spindle systems cause not only the thermal expansion of the main spindle but also the deformation of bearings and their surrounding structures (11) . A cooling method for aerostatic spindle systems considering air consumption has been proposed (12) , (13) , but the method requires an accurate thermal model and is not of practical use. To realize ultraprecision machining, it is necessary and indispensable to establish a method for minimizing the thermal deformation of machine tools.
In this study, to establish a practical method for minimizing the thermal deformation of machine tools, a ther-mal deformation control method for aerostatic spindle systems has been proposed. The proposed method is based on the heat balance in spindle systems. The validity and usability of the developed thermal deformation control system have been confirmed through a series of actual experiments.
Proposed Thermal Deformation Control Method
for Aerostatic Spindle Systems 2. 1 Basic concept of thermal deformation control system In general, the thermal deformation of aerostatic spindle systems is believed to be small, because their main spindles are supported in a noncontact condition. However, the extent of heat generation in bearing clearance increases with the square of spindle rotational speed and a large amount of heat induces the thermal deformation of the spindle itself due to a high rotational speed.
To minimize the thermal deformation of a spindle, the forced cooling of the objective local area has been applied so far, but it results in a nonuniform temperature distribution and may complicate thermal behavior. To resolve such a problem, a temperature control method for air supplied to the spindle has been proposed. This method enables the cooling of the bearing directly by supplying temperature-controlled air to the bearing on the basis of forecast result. Figure 1 shows a concept of thermal deformation control for an aerostatic spindle system. A temperature control system with a quick response is required for controlling the temperature of supply air corresponding to the change in thermal behavior during spindle rotation. Furthermore, it is desirable to install a temperature control function near the heat source to control the temperature of supply air, because the heat capacity of air is very low. The temperature control system is constructed from an air cooler and multiple air heaters. Air passes through the air cooler and then cooled air is heated up through the air heater to an optimum temperature. Finally, the air can be supplied from the inlets to the spindle system. This temperature control system achieves a quick response and an accurate temperature control of supply air. Figure 2 shows the structure of the developed heater. The heater is constructed from a tube structure made of stainless steel, an air inlet, an air outlet and an electric terminal. Inside the tube, four heat-resistant resin rods on which nickel-chromium wire is wound are installed. Cooled air through the tube is directly heated to its optimum temperature.
2 Feedback control of exhaust air temperature
To control thermal deformation in the main axis, a feedback signal for detecting the state of the controlled object is required. In general, it is difficult to directly measure the thermal deformation of the spindle because a tool or a workpiece is fixed at the end of the spindle during machining. In the same way, it is also difficult to directly measure the temperature of air at the bearing clearance because the bearing clearance is very small. In this study, the temperature of exhaust air discharged from the spindle is used as a feedback signal for a thermal deformation control system. Supply air temperature is controlled aiming to maintain the temperature of exhaust air. This ensures the heat balance between the heat source and the cooling source to minimize the thermal deformation. The proposed thermal deformation control method can decrease the amount of the temperature rise in bearing clearance and consequently minimize heat transfer from the bearing to the bearing housing and the surroundings of the bearing system.
Thermal Deformation Controlled Aerostatic Spindle System

1 Basic structure of aerostatic spindle system
The aerostatic spindle system used in this study has one thrust bearing at the center of the spindle and two radial bearings at both sides of the spindle, as shown in Fig. 1 . The diameter of the spindle is 45 mm and the maximum diameter of the thrust flange is 68 mm. Inherent orifice restrictors are used for both the thrust and radial bearings. Four air inlets are located on the sides of the spindle housing and exhaust air is discharged from the two air out- lets on the front face of the housing, bearing clearance and motor space. To eliminate heat conduction from a built-in AC motor for spindle drive, coolant is circulated around the motor housing. Figure 3 shows a schematic drawing of the experimental setup for the performance evaluation of the developed control system. After passing through the air cooler, supply air is heated up to its optimum temperature by four air heaters installed in each air inlet, as shown in Fig. 1 . Thermal displacement from the spindle face during spindle rotation (∆x) was measured using two capacitance-type displacement sensors to reduce the influence of face error motion. Both the temperatures of supply air (T s) and exhaust air (T e) were observed using thermocouples. To evaluate the thermal characteristics of the aerostatic spindle system, the temperature of the spindle structure was simultaneously measured at the following points: the spindle housing (A), flange (B) and base plate (C) (Fig. 3) . The experimental setup was installed in a temperature-controlled enclosure and exhaust air was led outside. Temperature fluctuation in the enclosure was maintained within ±1.0 K. Figure 4 shows a block diagram of the developed thermal deformation-controlled aerostatic spindle system. The system is constructed from a PD compensator, a repetitive compensator, a current amplifier, electric heaters and an aerostatic spindle unit. Exhaust air temperature measured by thermocouples was used as a feedback signal for controlling that supply air temperature. The sampling period of the temperature controller was set to 5 s. Four air heaters were connected in parallel to control electric cur- Fig. 4 Block diagram of thermal deformation control system rent using one electric current amplifier after adjusting the resistance of four heating wires in the air heaters to be same.
2 Actual configuration of thermal deformation control system
Performance Evaluation of the Control System Developed
1 Basic performance
To evaluate the basic performance of the thermal deformation control system developed, the thermal characteristics of the spindle system were evaluated before and after spindle rotation at a rotational speed of 20 000 rpm. Figure 5 shows the thermal deformation without control and Fig. 5 (a)-(c) shows the temperatures of the supply air and exhaust air and the thermal deformation of the spindle, respectively. Here, the supply air has a constant temperature of 20
• C. The thermal expansion of the spindle is plotted in a positive direction. Exhaust air temperature rises because of the heat generation in the bearing clearance while the spindle rotation and behaves like a step response of the first-order system as shown in Fig. 5 (b) . Consequently, the thermal deformation is largely affected by the heat generation, as shown in Fig. 5 (c) . Here, the large disturbance spikes at the start and end of spindle rotation shown in Fig. 5 (c) are caused by spindle deformation due to centrifugal force (14) . As clearly shown in the figures, the behavior of thermal deformation of the spindle is different from that of exhaust air temperature. shows the results when supply air temperature is controlled to maintain exhaust air temperature constant. These figures show the temperatures of supply air and exhaust air and thermal deformation, respectively. Supply air temperature during spindle rotation is controlled with the feedback control system at a low level (Fig. 6 (a) ), while exhaust air temperature is maintained to a definite level (Fig. 6 (b) ). Consequently, as shown in Fig. 6 (c) , the exhaust air maintains a constant temperature and the thermal deformation of the spindle settles down.
The thermal deformation of a structure with different heat capacities shows a particular behavior. The temperature changes of the spindle housing, flange and base during spindle rotattion are shown in Fig. 7 (a)-(c) . As shown in each figure, temperature fluctuation without control shows a step response of the first-order system by the internal heat sources. It is confirmed that the amount of temperature rise decreases in proportion to their distance from the main spindle. On the other hand, temperature fluctuation with control is almost constant including before and after the rotation of the main spindle. The reason for this is that the temperature of bearing clearance decreases with a reduction in supply air temperature, and heat transfer to each structural part is suppressed. As mentioned above, the proposed method is effective for decreasing the amount of temperature rise in the spindle system. Figure 8 (a) and (b) shows the effects of spindle rotational speed on the maximum temperature of exhaust air and on the maximum thermal deformation, respectively. As can be seen in Fig. 8 , the proposed control method is available for minimizing the thermal deformation of the spindle at a high rotational speed. In the proposed thermal deformation control system, a constant exhaust air temperature is controlled by the feedback loop. Therefore, the detection of spindle rotational speed is not necessary for the temperature control and it is possible to control the Figure 9 (a) shows a spindle-driving pattern, while Fig. 9 (b) and (c) shows the thermal deformation of the spindle without and with control, respectively. The thermal deformation with control was within ±1 µm even when spindle deformation due to centrifugal force was included and achieved a steady state quickly. The proposed method showed superior performance in a wide range of spindle rotational speeds as mentioned above.
2 Influence of spindle rotational speed on thermal deformation
Conclusions
To minimize the thermal deformation of an aerostatic spindle system, the control of supply air temperature based on the concept of thermal balance has been proposed. The validity and usability of the thermal deformation minimizing aerostatic spindle system developed were evaluated through a series of experiments. As a result, the following conclusions can be drawn.
( 1 ) The high response temperature control system developed can heat air cooled in the low constant temperature tank in the neighborhood of the heat source.
( 2 ) The system developed provides the thermal balance between heat generation in bearing clearance and the cooling effect of supply air, therefore, it has a capability to eliminate the thermal deformation of the overall aerostatic spindle system including the surrounding parts of the system.
( 3 ) The temperature control method developed is based on the concept of thermal equilibrium and is characterized by a simple principle, a quick response and ease of control.
